We investigate the anisotropy in cosmic microwave background Planck maps due to the coupling between its beam asymmetry and uneven scanning strategy. Introducing a pixel space estimator based on the temperature gradients, we find a highly significant (∼20 σ) preference for these to point along ecliptic latitudes. We examine the scale dependence, morphology and foreground sensitivity of this anisotropy, as well as the capability of detailed Planck simulations to reproduce the effect, which is crucial for its removal, as we demonstrate in a search for the weak lensing signature of cosmic defects.
INTRODUCTION
Cosmic Microwave Background (CMB) satellite experiments from COBE to Planck have suffered from the effects of beam asymmetries, which induce anisotropies in the resulting full sky maps as a result of the uneven scanning strategy of the experiments (Fosalba, Dore & Bouchet, 2002; Chiang et al., 2002; Page et al., 2003; Wehus et al., 2009; Ade et al., 2013) . Across the ecliptic plane, the sky pixels are measured mostly in parallel orientations and an ellipticity in the beam response induces anisotropic correlations between them. Meanwhile, these tend to average out near the ecliptic poles, over which multiple passes are made at many different angles. The resulting anisotropy in CMB maps due to this beam-asymmetry-coupled-with-unevenscanning-strategy (BACUSS) effect has been demonstrated on data from the WMAP experiment using estimators that are sensitive to a quadrupolar modulation on the scales corresponding to the beam sizes of the detectors operating at each frequency, which included a search for k-independent violations of rotational symmetry of the primordial power spectrum (Hanson & Lewis, 2009; Groeneboom et al., 2010; Hanson, Lewis & Challinor, 2010) and a search for a generalized modulation using the Bipolar Spherical Harmonic formalism (Bennett et al., 2011 (Bennett et al., , 2013 ) (see Kim & Komatsu (2013) ; Ade et al. (2013) for corresponding analyses of Planck data).
In this work we employ a statistical estimator based on temperature gradients (Rathaus & Itzhaki, 2012) , which was originally designed to detect the weak lensing CMB signature of spherically-symmetric exotic cosmic structures (Itzhaki, 2008; Fialkov, Itzhaki & Kovetz, 2010 ). As we demonstrate below, this estimator proves quite robust for the purpose of studying the BACUSS effect on CMB maps and analysing its sky morphology and dependence on angular scale and astrophysical foregrounds.
GRADIENT ESTIMATOR
To each directionnp we assign a score that quantifies to what extent the average temperature gradient tends to be radial with respect tonp i.e. to point either to or away from the directionnp)
where the averaging . . . q is over all unmasked sky directions, ∇Tq is the unit vector that represents the direction of the temperature gradient atnq, and
is the unit vector that lies on the tangent plane to the 2-sphere atnq and that points in the direction ofnp.
In an isotropic universe the direction of the temperature gradient vector at an arbitrary point in the sky is a uniformly distributed random variable. Consider a set of N sky locations such that the angular separation of each pair qi, qj of that set is larger than the typical correlation length of CMB temperature gradients. Thus for somenp, the (squared) dot products ( ∇Tq ·ûq,p) 2 evaluated at qi and qj are uncorrelated, hence they will independently follow a cos 2 θ probability density function, whose mean is 1/2 and variance 1/8. Running the estimator in practice, we transform the map to harmonic space (retaining information up to a desired max) and use the HEALPix function alm2map der1 to calculate its gradients.
PLANCK RESULTS

Planck SMICA map
The result of the estimator Sp on the Planck SMICA map is shown in Fig. 1 , evaluated at all pixel-centres of a N side = 32 HEALPix map. For comparison, we show the result of applying the same estimator to a random ΛCDM realisation (we use CAMB (Lewis & Bridle, 2002 ) with Planck's bestfit cosmological parameters (Ade et al., 2013) to generate the power spectrum). We see that the SMICA score map is highly anisotropic and looks almost like a perfect quadrupole, while the score of the random map is much less pronounced and has no particular shape.
To estimate the significance of the anisotropy, we generate an ensemble of Sp scores calculated for a randomly selected pixel p in each of 10 5 random realisations. Assuming that N is sufficiently large, the central limit theorem guarantees that we get
As we show in Fig. 2 , using our set of randomly generated Sp, we verify that its distribution follows Eq. (3) and using a Gaussian fit we find its standard deviation, thus quantifying the "effective" number of independent pixels (or the correlation length). With respect to this distribution, the local significance of the minimum value found near the ecliptic pole on the SMICA map lies 19.2σ away from the expected value of 0. Accounting for the "look elsewhere" effect (ignoring that the peak shows up at the ecliptic) yields a negligible change to this significance. It is thus evident that the SMICA map exhibits strongly significant anisotropy. 
Planck Single-Frequency Maps and Simulations
A cleaner examination of the BACUSS effect is made possible using a set of single-frequency simulations incorporating the beam properties and scanning pattern of Planck. When applying our estimator to raw single-frequency data, care must be taken to mitigate the effects of foregrounds on the harmonic transform. Therefore, we use the following methodology: we take the 80% Galactic Planck mask at HEALPix resolution N side = 2048, downsample it to 32 (corresponding to an angular pixel size θpix = 1.8
• ) and upsample backwards to 2048 in order to smooth it around the edges, and multiply the input map by the result. Then, after we transform the resulting map to harmonic space and extract its gradients, we extend the 80% Galactic Planck mask by θpix in all directions and combine it with the 5σ point-source mask of the corresponding frequency and use the result as the mask when calculating the estimator in Eq. (1).
We use two newly released Planck simulations 1 for the 100 GHz and 143 GHz frequencies of the HFI instrument. The first, generated with the FEBeCoP code (Mitra et al., 2011), uses a pixel space convolution with an effective beam that is calculated at each frequency for each pixel by accumulating the weights of all pixels within a fixed distance from it, summing over all detector observations. In Fig. 3 , we compare the results of our estimator for these simulations to those for the real data. The second type is generated using the LevelS software (Reinecke et al., 2006) , in which for each detector, fiducial time-ordered data are generated and converted to the harmonic domain, where their beam-convolved values are calculated over a three-dimensional grid of sky locations and beam orientations. 
ANALYSING THE RESULTS
Scale Dependence
In scrutinising the BACUSS effect, we first examine its dependence on the minimal angular scale included in the calculation. In Figs. 4-5 we plot the max-dependence of the BACUSS anisotropy at the ecliptic pole, Se. Fig. 4 shows the results for the 100 GHz frequency, compared to the two types of simulations described above, with and without the instrumental noise contribution. We can see that in the signal-dominated regime, the BACUSS effect induces a strong anisotropy, which peaks (as expected) around the instrumental beam size (9.65 arcmin), then weakens as we probe into the noise-dominated scales, and diverges as eversmaller scales are included. This indicates that the correlations induced by the BACUSS effect in the CMB temperature signal are reversed compared to those introduced in the instrumental noise (where the correlation is likely dominated by the 1/f noise contribution (Tegmark, 1997)). In Fig. 5 we show the corresponding results for the Planck component separation maps, as well as the higher resolution (7.25 arcmin) single frequency map at 143 GHz. Since we are comparing the component maps to the raw single-frequency maps, in order to remain on the same footing we apply the same masking procedure described above to the component separation maps: smoothing the Galactic component of each confidence mask, zeroing the corresponding map pixels, then extending the Galactic part and combining with the point sources (we have verified that the difference in the result for SMICA, compared to the simpler procedure which was used to generate Fig. 1 , is negligible, but as other component separation maps contain stronger foregrounds residuals, this approach is safer). The amplitude of the effect in all of these maps is a factor 2−5 weaker than in the 100 GHz map. The sign-flip of the induced BACUSS anisotropy occurs on smaller scales for the 143 GHz maps, as expected given its smaller beam size. We can also see that the component separation maps behave very differently than the single frequency maps, which means that in the absence of tailored simulations which accurately track the component separation method, it is impossible to remove the BA-CUSS effect from these maps. As we later demonstrate, this can be done to some extent for single frequency maps, at the expense of greater exposure to the effects of residual foregrounds (a more rigorous methodology for overcoming the foreground contribution was used in Kim & Komatsu (2013) , but proved redundant in our case).
Sky Morphology
It is also interesting to examine the radial profile of the BACUSS anisotropy
where θ measures the angular distance from the ecliptic pole and {q(θ)} = {q, cos −1 (|nq ·ne|) = θ < π/30} includes all the unmasked pixels within six degrees of a ring of radius θ around the ecliptic pole. In Fig. 6 , we plot the radial profile, Eq. (4), for the single frequency maps and simulations at 100 GHz (corresponding to Fig. 4) . The solid lines were run with max = 1400 and demonstrate the BACUSS effect on the CMB temperature signal-dominated scales, while the dashed lines were run with max = 2600 and demonstrate the profile of the induced noise correlations. We see that the effect on the CMB signal w.r.t. the ecliptic pole is relatively uniform across most of the map, while the effect on the noise is more highly concentrated around the ecliptic plane. This insight is important for predicting the influence of the BA-CUSS effect on desired small scale isotropy tests.
Foreground Dependence
To gain a better understanding of the influence of foregrounds on the BACUSS effect in Planck maps, we test the behaviour of the gradient score when operating on the raw unmasked data. For this sake we focus again on the 100 GHz and 143 GHz single-frequency maps. As can be seen in Fig. 7 , while Sp on the unmasked 100 GHz map is similar to its masked version (Fig. 3) , the 143 GHz result is substantially different. This is due to the fact that the BACUSS effect is much more pronounced in the former, while the foregrounds are stronger in the latter.
Planar Modulation
One can naively attempt to phenomenologically describe the BACUSS effect as an effective modulation (with respect to the ecliptic pole) of the intrinsic anisotropy map (Gordon et al., 2005) . In this picture, the observed temperatureT at each direction in the sky is related to the true CMB anisotropy at that point bỹ
where M (n) is the modulation field. The simplest modulation that can be employed for this purpose is a quadrupolar modulation, which is symmetric around the ecliptic plane. In fact, all even-planar modulations share the appealing property of offering an intuitive approximation for the observed BACUSS effect. Let us consider a general even-planar modulation, by setting m = . The modulation field is then
where A is the amplitude of the modulation and θ, φ are the usual spherical angles, with respect to the modulation axis (the following arguments are equally valid for M ∝ sin θ sin φ). The gradient at each point in the modulated map is
While the first term in Eq. (7) points in a random direction, the derivative in the second term yields:
Around θ = 90
• the first term, which points in theê θ direction, becomes very small. For a given φ, however, the amplitude of the second term is maximal. Therefore, for such a modulation the tangential component of the gradient, is amplified around θ = 90
• . Since with respect to each directionnp there are more pixels in the vicinity of the plane perpendicular to it, the most prominent contribution to the overall score comes from that portion of the map, and the modulation in Eq. (6) will thus yield a minimum score at the ecliptic poles, as we see in Planck data. However, a closer look at specific examples of modulated maps shows that a planar modulation is a poorly effective model for the BA-CUSS effect. We consider planar modulations of a randomlygenerated realisation of ΛCDM with = 2, 10, where the amplitude had to be set to A = 10 (!) so that the overall gradient score Sp of the modulated maps will be similar to that of the SMICA map. As shown in Fig 8, the radial profile of the modulated maps is substantially different from that of the SMICA map. In addition, it is apparent from Fig. 9 , which shows the modulated maps in these two cases, that in order to reproduce the SMICA result, the modulation amplitude must be extremely large, yielding an overwhelmingly anisotropic map.
TEST CASE: A SEARCH FOR COSMIC DEFECTS
As described in Rathaus, Fialkov & Itzhaki (2011) , an anomalously large structure whose gravitational potential stretches over cosmological distances will induce an observable signal on the CMB via its lensing potential. A particular example for such a lens is a spherically-symmetric overdense structure induced by a pre-inflationary particle (PIP) which remains within the visible universe after inflation (Itzhaki, 2008; Fialkov, Itzhaki & Kovetz, 2010) (other examples include the lensing signature of a cosmic texture or a large void, see Das & Spergel (2009); Masina & Notari (2009) ; Kovetz & Kamionkowski (2013) and references within). In Rathaus & Itzhaki (2012) , a similar estimator to Sp in Eq. (1), limited to a band surrounding the pixel p (instead of summing over the whole map), was proposed in order to detect the weak lensing signature of a PIP. As mentioned above, when performing such a search for small scale anisotropy in the CMB, the BACUSS effect must first be efficiently removed from the map. To demonstrate the compensation for the BACUSS effect using detailed simulations which incorporate the beam asymmetry and scanning pattern, we performed the search suggested in Rathaus & Itzhaki (2012) by subtracting the average of 30 FEBeCOP simulations at 143 GHz from the real data (both maps taken up to max = 1600), applying the estimator Eq. (1) within the radii θ = 5
• −60
• around each point in the sky and using the single-frequency masking procedure described above. No significant evidence for lensing by a cosmic defect was found, placing a (mild) constraint on the existence of such defects in general and ruling out the specific PIP scenario at the focus of Rathaus & Itzhaki (2012) .
DISCUSSION
Focusing on the temperature gradients, we have shown that Planck maps exhibit significant anisotropy due to the BA-CUSS effect. We analysed the scale dependence of this anisotropy and found that the effect is reversed in the signaland noise-dominated regimes. We demonstrated that the effect is maximised at the scale corresponding to the instrumental beam size, and that its amplitude differs by as much as a factor of 5 between frequencies. We used the radial profile of the induced anisotropy to examine the uniformity of the effect across the map and used it to disqualify naive phenomenological descriptions of it such as quadrupolar planar modulations. Our method also proved to be weakly sensitive to foregrounds, as the use of foreground masking is straightforward and efficient in pixel space.
As Planck simulations incorporating the asymmetric beam shape and the actual scanning patterns were shown here to trace the real single-frequency data quite accurately, the prospects for removing the effect efficiently look promising. We have demonstrated this for the example of searching for the weak lensing effect of large cosmic defects (without an understanding of the BACUSS effect and its removal, constraining such models would not have been possible). Nevertheless, it should be kept in mind that this removal is valid only for estimators such as Sp, and is not necessarily possible for any small scale analysis of Planck CMB maps in general. Furthermore, we emphasise that care should be taken with component separation maps, e.g. SMICA (which has been recommended for preforming isotropy tests of the CMB), as detailed pipeline simulations for these maps have not been made publicly available. Finally, we point out that these anisotropies could very well persist in Planck's polarisation maps as well (we have verified that a BACUSS effect is seen in WMAP polarisation maps at 94 GHz). Unless carefully mitigated, this may affect the analysis of the lensing contribution to B-modes at small scales (Hanson et al., 2013; Ade et al., 2014) . It will be interesting to explore this in the near future.
